Abstract DNA methylation and BLC-2 are potential therapeutic targets in acute myeloid leukemia (AML). We investigated pharmacologic interaction between the DNA methyltransferase inhibitor 5-azacytidine (5-AZA) and the BCL-2 inhibitor ABT-737. Increased BCL-2 expression determined by reverse phase protein analysis was associated with poor survival in AML patients with unfavorable cytogenetics (n0195). We found that 5-AZA, which itself has modest apoptotic activity, acts synergistically with ABT-737 to induce apoptosis. The 5-AZA/ABT-737 combination enhanced mitochondrial outer membrane permeabilization, as evidenced by effective conformational activation of BAX and Δψ m loss. Although absence of p53 limited apoptotic activities of 5-AZA and ABT-737 as single agents, the combination synergistically induced apoptosis independent of p53 expression. 5-AZA down-regulated MCL-1, known to mediate resistance to ABT-737, in a p53-independent manner. The 5-AZA/ABT-737 combination synergistically induced apoptosis in AML cells in seven of eight patients. 5-AZA significantly reduced MCL-1 levels in two of three samples examined. Our data provide a molecular rationale for this combination strategy in AML therapy.
Introduction
Aberrant expression of anti-apoptotic members such as BCL-2 or suppression of pro-apoptotic members such as BAX can lead to tumor formation and promote resistance to therapy in many types of cancer, including acute myeloid leukemia (AML) [1, 2] . ABT-737 is a small molecule BH3 mimetic that binds tightly to a hydrophobic cleft on anti-apoptotic BCL-2 and BCL-X L , and exerts its pro-apoptotic function by preventing anti-apoptotic BCL-2 family members from sequestering activating BH3 proteins [3] . We have reported that ABT-737 effectively kills AML blasts, progenitor, and stem cells without affecting normal hematopoietic cells [4] . The ABT-737-related clinical compound, ABT-263, is undergoing clinical studies in chronic lymphocytic leukemia (CLL; NCT00868413; NCT01087151) and diffuse large B-cell lymphoma (NCT01423539), with initial signs of clinical activity. The main side effect is thrombocytopenia resulting from inhibition of BCL-X L [5] . Recent report of the ongoing CLL trial Kensuke Kojima and Marina Konopleva contributed equally to this project.
of the second generation BH3 mimetic ABT-199, engineered to selectively inhibit BCL-2 but not BCL-X L , has shown encouraging signs of clinical activity without thrombocytopenia [6] . It remains to be seen, however, whether loss of anti-BCL-X L function will diminish therapeutic efficacy in AML as compared to BCL-2-dependant CLL cells. Hence, elucidation of the combinations of ABT-263 with non-cytotoxic agents desirable to take full advantage of ABT-263's unique spectrum of biophysical and preclinical activities is warranted.
DNA methyltransferase enzymes add methyl groups to genomic CpG sites. CpG dinucleotides are enriched at certain gene promoter regions and methylation of these sites may contribute to leukemogenesis through silencing of tumor suppressor genes [7] . The cytidine analogue, 5-azacytidine (5-AZA) inhibits DNA methyltransferases, leading to demethylation of DNA in daughter cells with a resultant effect on gene expression and cell differentiation. 5-AZA has been shown to have clinical activity in myelodysplastic syndromes and in AML [8] [9] [10] .
In this study, we studied pharmacologic interaction between 5-AZA and ABT-737. We found that absence of p53 limits the apoptotic activities of 5-AZA and ABT-737 as single drugs. The combination of 5-AZA and ABT-737 synergistically induces mitochondrial apoptosis irrespective of p53 expression. Importantly, 5-AZA down-regulated MCL-1, a resistance factor for ABT-737, in a p53-independent manner. Strong synergistic apoptosis induction was seen in primary AML cells (seven out of eight cases studied), supporting future clinical development of this combination strategy in AML patients.
Methods

Reagents
The BCL-2 family small molecule inhibitor, ABT-737 was provided by Abbott Laboratories (Abbott Park, IL). The DNA methylation inhibitor 5-azacytidine (5-AZA) was purchased from Sigma (St Louis, MO). The pan-caspase inhibitor Z-VAD-FMK was purchased from Axxora (San Diego, CA).
Cells lines, primary cells, and cell culture
Human AML cell lines were cultured in RPMI 1640 medium containing 10 % heat-inactivated fetal calf serum (FCS). OCI-AML-3 and MOLM-13 cells have wild-type p53, while U937 and HL-60 do not express p53 [11, 12] . OCI-AML-3 and MOLM-13 cells were stably transduced with retroviruses encoding either p53-specific shRNA or control shRNA as described [13, 14] . Peripheral blood (PB) or bone marrow (BM) samples were obtained from AML patients after informed consent, according to institutional guidelines. Mononuclear cells were purified by Ficoll-Hypaque (Sigma) density-gradient centrifugation, cells resuspended in RPMI 1640 medium supplemented with 10 % FCS at a density of 1×10 6 cell/mL. For reverse phase protein analysis (RPPA), PB and BM specimens were collected from 511 patients with newly diagnosed AML evaluated at MDACC between September 1999 and March 2007. Samples were acquired during routine diagnostic assessments in accordance with the regulations and protocols approved by the investigational review board of MDACC. A total of 387 BM and 283 PB samples were studied; for 140 patients, both BM and PB samples were available. This patient population is typical of the MD Anderson referral pattern: a high percentage of patients with unfavorable cytogenetics (49 %) and a very high percentage with an antecedent hematologic disorder (40 %). The samples were classified by cytogenetic risk groups using the Cancer and Leukemia Group B system, as described previously [15] .
Apoptosis analysis
Annexin V binds specifically to phosphatidylserine, a lipid that is normally on the inside of the cell membrane but is exposed on the cell surface early in the apoptotic process. Induction of apoptosis was determined by Annexin V flow cytometry [4] . BAX conformational change was analyzed using an antibody directed against the NH 2 -terminal region of BAX (YTH-6A7; Trevigen, Gaithersburg, MD), as previously described [13] . Cellular fixation, permeabilization, and staining with primary antibody were performed using the Dako IntraStain kit (Dako Cytomation, Carpinteria, CA), according to manufacturer's instructions. After washing, cells were incubated with Alexa Fluor 488 chicken antimouse secondary antibodies (Molecular Probes, Eugene, OR) for 30 min at 4°C. To measure mitochondrial membrane potential (Δψ m ), cells were loaded with MitoTracker Red CMXRos (300 nM) and MitoTracker Green (100 μM, both from Molecular Probes, Eugene, OR) for 1 h at 37°C. The Δψ m was then assessed by measuring CMXRos retention (red fluorescence) while simultaneously adjusting for mitochondrial mass (green fluorescence).
Western blot analysis
Western blot analysis was performed as previously described [16] , using the Odyssey imaging system (LI-COR Biosciences, Lincoln, NE). The following antibodies were used: mouse monoclonal anti-p53 (Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-MCL-1 (BD Pharmingen, San Diego, CA); mouse monoclonal anti-BCL-2 (Dako Cytomation, Carpinteria, CA); mouse monoclonal anti-BCL-X L (Santa Cruz Biotechnology); rabbit polyclonal anti-BAX (Santa Cruz Biotechnology); rabbit polyclonal anti-BAK (Millipore, Billerica, MA); mouse monoclonal anti-GAPDH (Millipore); and mouse monoclonal anti-β-ACTIN (Sigma).
Animal studies
Animal studies were approved and supervised by the University of Texas M. D. Anderson Cancer Center (MDACC) Institutional Animal Care and Use Committee. Twenty NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were irradiated with 2.5 Gy and injected with cells from a patient with primary refractory AML (1.5×10 6 viable cells per mouse). Seven days after cell injection, mice were treated with vehicle, 5-AZA (intraperitoneally, 4 mg/kg/day for 5 days), ABT-737 (intraperitoneally, 75 mg/kg/day for 10 days), or with the 5-AZA/ABT-737 combination (n05 in each group). Nine weeks after AML cell injection, engraftment was determined by immunohistochemical detection of CD45-positive cells in the BM and spleen.
Detection of acute leukemia-associated fusion transcripts and mutations Leukemia-associated fusion transcripts are tested using nanofluidics-based qualitative multiparametric reversetranscriptase polymerase chain reaction (PCR) by Molecular Diagnostics Laboratory at M.D. Anderson. The lower limit of detection is approximately 1 in 1,000 to 1 in 10,000. Fluorescently labeled primers are used to detect the FLT3-ITD and D835 mutations; overnight restriction digestion is done on D835 PCR products. Capillary electrophoresis/ GeneScan analysis is used to distinguish the wild type. Activating point mutations in exon 17 of the KIT, mutations in codons 12 and 13 as well as codon 61 of NRAS and KRAS2, and TP53 mutations in exons 4 to 9 were detected by PCR-based DNA sequencing. Mutations in exon 12 of the NPM1 were detected PCR-based amplification followed by amplicon sizing using Genescan. The sensitivity of detection is approximately 2.5 % for FLT3 and NPM1 mutations, and approximately 20 % for KIT, RAS, and TP53 mutations.
Reverse phase protein analysis Samples were enriched for leukemic cells, and a whole-cell lysate was prepared [17] . The methodology and validation of the proteomic profiling technique have been described previously [17] [18] [19] . Slides were probed with a strictly validated mouse anti-human monoclonal primary antibody against BCL-2 (clone 124, Dako), a secondary antibody to amplify the signal, and finally a stable dye was precipitated [20] . The stained slides were analyzed using Microvigene Version 2.9 software (Vigene Tech, Carlisle, MA).
Statistical analysis
The statistical analysis was performed using the two-tailed Student t test. Statistical significance was considered when P<0.01. Average values were expressed as mean ± SD. The extent of apoptosis was quantified as percentage of Annexin V-positive cells, and the extent of drug-specific apoptosis was assessed by the formula: % specific apoptosis0(test− control)×100/(100−control). In the formula, the numerator is the actual amount of killing that occurred and the denominator is the potential amount of killing that could occur. The combination index (CI), a numerical description of combination effects, was calculated using the more stringent statistical assumption of mutually non-exclusive modes of action. The averaged CI values were calculated from the values for ED50, ED75, and ED90. When CI01, this equation represents the conservation isobologram and indicates additive effects. CI values less than 1.0 indicate a more than expected additive effect (synergism), while CI values greater than 1.0 indicate antagonism between the two drugs. For RPPA, supercurve algorithms were used to generate a single value from the five serial dilutions [21] . Loading control [22] and topographical normalization procedures accounted for protein concentration and background staining variations. Expression was compared with that observed in normal CD34 + samples, and the patients were divided into three cohorts (expression above, below, or within the range of the normal CD34 + samples) based on the 95 % confidence intervals. The Kaplan-Meier method was used to generate the survival curves.
Results
Increased BCL-2 expression predicts for poor survival in AML patients with unfavorable cytogenetics BCL-2 protein expression was analyzed in 511 newly diagnosed AML and 21 newly diagnosed APL patients by RPPA. BCL-2 expression in 140 same-day paired PB and BM samples was compared and found to be statistically similar (P00.90), demonstrating that the sample source did not affect the protein levels (not shown). BCL-2 levels did not significantly differ at the time of relapse compared with levels at diagnosis in the 47 paired samples (P00.25; not shown). Compared with expression in normal CD34 + cells, BCL-2 levels were above normal CD34 + cells in 15.2 % and below normal in 38 % of AML patients. Figure 1a shows the expression of BCL-2 levels in the 511 newly diagnosed AML patients relative to normal CD34 + cells.
BCL-2 expression levels were not strongly correlated with French-American-British classification, although levels were higher in AML-M1 and APL (Fig. 1b) . BCL-2 levels were elevated in patients with 11q23 and t(15;17) (APL) cytogenetic abnormalities (Fig. 1c) . BCL-2 levels did not vary based on FLT3, RAS, or TP53 mutation status (not shown). BCL-2 levels were not associated with the attainment of complete remission. No difference in overall survival was seen based on different BCL-2 levels among patients with intermediate prognosis cytogenetics (median 77 vs 64 weeks; P 00.32, not shown). In turn, among patients with unfavorable cytogenetics those with high BCL-2 (n027) had inferior survival compared with those who had low-normal expression of BCL-2 (n0168), with median survival of 18 vs 36 weeks, P00.024, Fig. 1d ). There was no significant difference in remission duration (P00.53, not shown). These findings indicate that high BCL-2 levels in patients with unfavorable cytogenetics may contribute to their refractoriness to standard chemotherapeutic agents, and validate BCL-2 as a potential therapeutic target.
5-AZA and ABT-737 synergistically induce apoptosis in AML cell lines
We examined the anti-proliferative and apoptotic effect of 5-AZA and ABT-737 in cultured AML cell lines. OCI-AML-3 and MOLM-13 cells have wild-type p53, while U937 and HL-60 do not express p53 [11, 12] . Cells were treated for 72 h with 100, 250, 500, 1,000, or 2,000 nM 5-AZA and ABT-737, either as individual agents or in combination. The concentration ratio of ABT-737 to 5-AZA was set at 1:1 in OCI-AML-3 and U937, and 1:10 in MOLM-13 and HL-60 cells, based on their different sensitivities to ABT-737. As shown in Fig. 2a and Table 1 , the 5-AZA/ABT-737 
exerting strong synergy over a wide concentration range. A CI value of <1 indicates synergy (i.e., greater than the expected additive effect when two agents are combined), the CI value of <0.3 indicates strong synergy [23] . Synergistic effect was less prominent in U937 and HL-60 cells (Table 1) .
5-AZA and ABT-737 synergistically activate BAX in AML cells
The BH3 mimetic ABT-737 neutralizes anti-apoptotic BCL-2 and BCL-X L , resulting in BAX activation and apoptosis in AML cells. Mitochondrial dysfunction mediated by BAX activation is a critical step in mammalian cell apoptosis. To investigate if 5-AZA enhances ABT-737-induced BAX activation, BAX conformational change was analyzed in OCI-AML-3 and MOLM-13 cells by means of an antibody directed against the NH2 terminal region of BAX (clone YTH-6A7), which reacts only with BAX in its active conformation [13] . Considering the different pharmacokinetic profiles between 5-AZA and ABT-737, 5-AZA (2 μM) and ABT-737 (2 μM) were added into the medium 24 and 6 h before the analysis, respectively. As shown in Fig. 2b , 5-AZA and ABT-737 only modestly induced BAX conformational change in OCI-AML-3 cells. Importantly, the combination synergistically induced BAX conformational change, suggesting that 5-AZA and ABT-737 synergistically activate BAX and the intrinsic apoptotic pathway. The synergistic activation of BAX by 5-AZA and ABT-737 was also found in MOLM-13 cells, in which the percentages of cells undergoing specific BAX conformational change after exposure to 2 μM 5-AZA, 0.2 μM ABT-737, and their combination were 10.4±1.7 %, 31.9±3.3 %, and 48.9±2.1 %, respectively. Total BAX levels were not affected by 5-AZA, ABT-737, or the 5-AZA/ABT-737 combination in either OCI-AML-3 (Supplemental Fig. S1 ) or MOLM-13 cells (figure not shown). 5-AZA, ABT-737, and their combination did not affect levels of other BCL-2 family proteins BAK, BCL-X L , and BCL-2, or p53. These results suggest that 5-AZA and ABT-737 synergize to activate BAX without affecting the levels of BAX, BAK, BCL-2, BCL-X L , or p53. p53 knockdown leads to decreased apoptosis induction by 5-AZA and ABT-737 but does not impair their synergistic apoptotic effect It has been reported that 5-AZA can activate p53-mediated apoptotic signaling [24] . We have recently demonstrated that loss of p53 limits the apoptotic activity of ABT-737 [14] . To elucidate if p53 expression determines AML cell sensitivity to 5-AZA, ABT-737, or their combination, we investigated the effect of 5-AZA and ABT-737 in OCI-AML-3 and MOLM-13 cells that were infected with lentivirus encoding either negative control shRNA or p53-specific shRNA [13, 14] . p53-specific shRNA reduced p53 basal levels by more than 90 % in both OCI-AML-3 and MOLM-13 cells (Fig. 3a and Supplemental Fig. S2 ). p53 knockdown has rendered these cells resistant to p53-mediated apoptosis. Cells were incubated with the indicated concentrations of 5-AZA or ABT-737 for 48 h, and the Annexin V-positive fractions were measured by flow cytometry. p53-knockdown OCI-AML-3 cells were less susceptible to 5-AZA-and ABT-737-induced apoptosis than cells expressing negative control shRNA, suggesting that p53 expression may be required for full induction of apoptosis by 5-AZA or ABT-737 (Fig. 3a) . Interestingly, however, the synergistic combination effect was maintained in p53-knockdown OCI-AML-3 cells. The calculated CI values for phosphatidylserine externalization were 0.19 for ED50, 0.18 for ED75, and 0.18 for ED90 in p53-knockdown OCI-AML-3 cells, which were lower than those in OCI-AML-3 cells expressing negative control shRNA (0.23 for ED50, 0.25 for ED75, and 0.26 for ED90). p53-dependent cell sensitivity to 5-AZA and ABT-737 and p53-independent synergistic apoptotic induction by the combination were also observed in MOLM-13 cells (Supplemental Fig. S2 ). The averaged CI values were 0.61 for MOLM-13 cells expressing negative control shRNA and were 0.10 for p53-knockdown cells. Our data suggest that p53 knockdown affects AML cell sensitivity to 5-AZA and ABT-737 as single agents and that 5-AZA and ABT-737 synergistically induce apoptosis irrespective of p53 expression.
5-AZA and ABT-737 synergistically induce mitochondrial apoptosis
We next investigated if mitochondrial apoptotic signaling is involved in the synergistic apoptotic effect between 5-AZA and ABT-737. OCI-AML-3 expressing shp53 and its negative control cells were treated with 5-AZA and ABT-737, and Δ= m was determined. As shown in Fig. 3b , p53-knockdown OCI-AML-3 cells were less sensitive to 5-AZAand ABT-737-induced Δψ m loss than those expressing negative control shRNA. Importantly, 5-AZA synergized with ABT-737 to induce Δψ m loss independent of p53 expression. The profound effect of the 5-AZA/ABT-737 combination on Δψ m loss would support the idea that 5-AZA and ABT-737 synergistically induce apoptosis in AML cells mainly through a mitochondrial apoptotic pathway.
5-AZA reduces MCL-1 expression independent of p53 expression
It has been reported that ABT-737 neutralizes BCL-2, BCL-X L , and BCL-W but not MCL-1 and that ABT-737 efficiently induces mitochondrial apoptosis if MCL-1 is neutralized [4, 25, 26] . To see if 5-AZA affects MCL-1 expression independent of p53, OCI-AML-3 cells expressing p53-specific shRNA and those expressing negative control shRNA were treated with 1 μM 5-AZA for 48 h. As shown in Fig. 4a , 5-AZA treatment did not induce p53 levels, and led to reduced expression of MCL-1 but not BAX, BCL-2, or BCL-X L in both, p53-wt and p53-KD cells. Steady-state BAX levels were low in p53-knockdown cells compared to control cells, reflecting low transcriptional activity of p53 [14] . We cultured primary cells from eight AML patients (Supplemental Table S1 ) with 5-AZA at 0, 1, 2.5, and 5 μM and ABT-737 at 0, 10, 25, and 50 nM either as individual agents or in combination, and evaluated apoptosis after 72 h. The results indicated highly synergistic interaction of 5-AZA and ABT-737 in induction of apoptosis in seven of eight samples ( Table 2 ). The combination effect was antagonistic in one case (case no. 3), in which the averaged CI value was 2.61. Chromosome analysis revealed a normal karyotype, and molecular studies did not detect fusion transcripts of BCR/ ABL, AML1/ETO, PML/RARα, CBFβ/MYH11, or MLL/AF4 or FLT3, RAS, C-KIT, or NPM1 mutations. The possible molecular aberrations that affected the combination effects in the case no. 3 were not determined. DNMT3A, TET2, or IDH1/2 mutations were not analyzed in our series. Data suggest that 5-AZA enhances ABT-737-induced apoptosis in a majority of primary AML cells. In accordance with the data in AML cell lines, 72-h exposure to 2.5 μM 5-AZA and/or 25 nM ABT-737 did not affect p53 levels in two primary AML samples (not shown). To investigate if 5-AZA reduces MCL-1 levels in patient AML cells, MCL-1 expression levels were determined in three AML samples (nos. 4, 7, and 8) after 72-h treatment of 5-AZA. As shown in Fig. 4b , 5-AZA treatment significantly reduced MCL-1 levels in two of the three samples.
5-AZA and ABT-737 decrease leukemia infiltration of murine bone marrow in mice injected with primary human AML cells
The combined effects of 5-AZA and ABT-737 were further investigated in NSG mice injected with BM blasts from a patient with primary refractory AML. The sample had 93 % BM blasts. Seven days after leukemia cell injection, mice were treated with vehicle (group 1), 5-AZA (group 2), ABT-737 (group 3), or with the combination (group 4). Leukemia progression was monitored by enumeration of CD45(+) human leukemic cells in murine PB by flow cytometry. At 6 weeks of injection, circulating leukemic cells were detectable in PB from two out of three vehicle-treated mice (Supplemental Table S2 ), all three ABT-737-treated mice and only in one of the three 5-AZA-treated animals. Both 5- AZA and ABT-737 exerted an anti-leukemia effect, as evidenced by significant reduction in leukemia cells (Fig. 5 , Supplemental Table S2 ). Engraftment was investigated in two mice from the group 4; no CD45 + AML cells were detected in organs of mice co-treated with 5-AZA and ABT-737. This was confirmed by immunohistochemical assessment of spleen tissues from selected mice sacrificed at 9 weeks post injection.
Discussion
Since many signaling components are frequently affected in AML, synergistic targeted therapies that inhibit multiple targets are required. 5-AZA has been associated with a relatively low response rate (~20 %) in AML patients. More importantly, although mutations in epigenetic regulator genes DNMT3A, TET2, or IDH1/2 may predict favorable response to 5-AZA, the treatment response has not correlated with overall survival [27, 28] . ABT-263, the clinical derivative of ABT-737, is a promising agent being tested in clinical trials for solid tumors and lymphoid malignancies. One of the major limitations of ABT-737/ABT-263 reported in preclinical studies is that high levels of MCL-1 confer resistance to ABT-737/ABT-263 [4, 25, 26] . Our results suggest that 5-AZA strongly enhances ABT-737-induced mitochondrial apoptosis in AML cell lines and patient AML cells. The strikingly low averaged combination index values in patient samples (median 0.28; < 0.4 in six out of eight samples) suggest that a combination strategy aimed at inhibiting DNA methyltransferase and antiapoptotic BCL-2 proteins is potentially effective in AML. Because of the limited number of samples, however, further study is needed to confirm the efficacy of combination therapy.
Our data indicate that loss of expression of p53 may lead to decreased apoptosis induction by 5-AZA or ABT-737 when they are administered as single agents. 5-AZA induces cell death in AML cells via multiple mechanisms, leading to mitochondrial apoptosis [29] . ABT-737 directly binds to anti-apoptotic BCL-2 family proteins and induces mitochondrial apoptosis [3] . We have recently reported that loss of p53 can lead to reduced expression of pro-apoptotic BCL-2 proteins BAX, PUMA, and NOXA, stabilizing mitochondrial membrane potential and that p53 loss was associated with decreased apoptosis induction by ABT-737 in AML and CLL cells [14] . Therefore, mitochondrial membrane stabilization associated with loss of p53 might contribute to low susceptibility to 5-AZA in p53-knockdown AML cells. In contrast to single-agent treatment, the synergistic apoptotic effect between 5-AZA and ABT-737 did not necessarily require p53. Importantly, 5-AZA reduced expression of MCL-1 in a p53-independent manner. Since MCL-1 is a known resistance factor for ABT-737, 5-AZA enhances ABT-737-induced mitochondrial apoptosis at least partially by reducing MCL-1 expression. The presence of p53-independent apoptotic activity in the 5-AZA/ABT-737 combination, if operational in vivo, could delay or prevent the selection of p53 mutant subclones during therapy.
Recently, Bogenberger et al. have utilized high-throughput RNA-interference screening, to identify targets for rational combination therapies with 5-AZA in AML [30] . They found that silencing of anti-apoptotic BCL-2 family potently synergizes with 5-AZA to reduce cell viability in AML cell lines TF-1, HEL, THP-1, and ML-2. They have also reported that 5-AZA synergizes with ABT-737 to induce cell death in primary AML samples. Considering that their model cell lines have mutant p53, their data may support the hypothesis that p53 is not necessarily required for the synergism between 5-AZA and BCL-2 inhibition. This is particularly important in view of recent findings of high frequency of p53 alterations in AML patients with complex karyotype which is associated with dismal outcome in this patient population [31] . Although further detailed studies using samples from this cohort of patients are required (in our series, only patient no. 4 exhibited complex karyotype), it is plausible to imagine potential utility of this drug combination in these patients. Further, since the frequency of genomic complexity is increasing with age, utilization of non-myelosuppressive agent such as 5-AZA has further advantages in elderly patients with poor prognosis cytogenetics. Our high-throughput proteomic analysis highlighted higher levels of BCL-2 in a cohort of patients with unfavorable cytogenetics, further supporting the premise of utilizing this combination in this poorprognosis patient population. Finally, combination with 5-AZA offers major benefit due to limited effect of this agent on platelet production and hence should be tolerable in combination with ABT-263 in patients with moderately high platelet counts.
In summary, 5-AZA and ABT-737 synergistically induce apoptosis in AML cells in a p53-independent manner. The mechanisms of this pharmacologic interaction involve synergistic mitochondrial outer membrane permeabilization by the 5-AZA/ABT-737 combination, as evidenced by effective conformational activation of BAX and Δψ m loss. These findings provide strong rationale for testing this combination in rationally designed clinical trials in elderly AML patients unsuitable for intensive chemotherapy options.
